The simple injection of DNA into muscles is known to result in the expression of the injected genes, even though at low and variable levels. We report that this variability in DNA expression is partly dependent on the injection speed. The acceleration of the injection speed from values around 2 ml/s up to ones around 25 ml/s (depending on the tissue) results in a significant increase in gene expression in skeletal muscle (280 times on an average) and in liver (50 times) and a nonsignificant sevenfold increase in tumors. Heparin, which inhibits the spontaneous uptake of the injected DNA, also inhibits the increases related to the injection speed. However, at the highest injection speed, this inhibition is not total because very fast injections provoke a direct permeabilization of the cells. This 'hydroporation' could be similar to the permeabilization found in the hydrodynamics method based on the fast intravascular injection of a huge volume of DNA. Neither the 'hydroporation' nor the heparin-inhibitable uptake mechanism induces histologically detectable lesions. There is a limited muscle cell stress independent of the injection speed. Heterogeneity in the injection speed might thus be an explanation for the variability in DNA expression after simple injection.
Introduction
Non-viral gene therapy approaches are being actively investigated. It has been proved that the simple injection of DNA into skeletal muscle can result in the expression of the injected gene, although at very low and variable levels. 1 The crucial point that limited the use of this very simple procedure was the extreme variability of gene expression following DNA injection. Until now, the reasons for this variability have remained unsolved. The solution to this problem has been to find other methods for in vivo transfection, which would display a reduced variability as well as, of course, a greater efficacy, if possible. Physical methods to facilitate DNA uptake by the means of transient perturbations of the plasma membrane structure have been successfully developed, using ballistics, 2 ultrasounds 3,4 or electric pulses. 5, 6 Hydrostatic pressure also facilitates DNA uptake. The hydrodynamics-based method for in vivo DNA transfer 7, 8 has been applied to mice and rats to transfer efficiently to their liver various genes. [9] [10] [11] The direct injection of DNA into the tissue is the easiest procedure, although unfortunately limited to a low and variable level of the foreign gene expression. The problem of the low expression can be solved either by increasing the amount of DNA injected into the same muscle or into several muscles, or by improving the expression of the injected constructs, but variability is a particularly severe drawback. Indeed, variability prevents any reasonable use of the direct injection of DNA. We analyzed the influence of the injection speed on the level of spontaneous naked DNA uptake and expression in the skeletal muscle, the liver and one tumor type. Contrary to previous reports, 12, 13 we found a statistically significant influence of the injection speed on the efficacy of the gene transfer: the increase in the intratissular injection speed resulted in a moderate increase in the expression of the luciferase reporter gene in tumor and liver (seven and 50 times, respectively) or even in a large increase (between 95 and 2260 times) in the skeletal muscle. In the light of these observations, we analyzed the mechanisms of the in vivo spontaneous naked DNA in these tissues. Our experiments revealed that the injection procedure itself is one of the reasons for the variability of the naked DNA injection in in vivo tissues.
Results

Local injection of pCMVLuc plasmid in muscle at various speeds
In the figures, the values reported for the 'no injection' control muscles were close to luminometer background values, without any biological meaning. In all cases, the injection of DNA resulted in a significant luciferase gene expression.
First, we injected the tibialis cranialis of C57Bl/6 mice with 10 mg of pCMVLuc plasmid in 20 ml of phosphatebuffered saline (PBS) at two very different injection durations: one at about 25 s and another at about 1-2 s (Figure 1 ). When DNA was injected very slowly, we detected a low luciferase activity (on average: 1.5 Â 10 À3 pg/mg of tibialis, n ¼ 5), which contrasted with the much higher luciferase activity (on average: 3.4 pg/ mg, n ¼ 5, that is 2260 times more) using the rapid injections ( Figure 1) . The difference was highly significant (Po0.001; Student's t-test as the logarithms of the data of the two groups had the same variance).
A large experiment was then performed at three different speeds for the injection of either DNA alone or a mixture of DNA and heparin ( Figure 2) . A two-way analysis of variance (ANOVA) on all the data (with and without heparin) showed that there is a significant effect of the injection speed (Po0.001) and of heparin addition (Po0.001) as well as of the combination of the speed and heparin addition (Po0.001). This means that the effect of the speed is not the same if heparin is added or not. When only DNA was injected very slowly, that is, in 25 s, we detected again a low luciferase activity (on average 3.0 Â 10 À3 pg/mg of tibialis, which is about 30 times above the background level and the 'no injection' level). We observed that the decrease of the injection duration from 25 to 5 s resulted in an increase by more than 13 times in luciferase expression, and that a subsequent reduction to 1 s resulted in an additional gain up to seven times on the average. To further evaluate the significance of these effects, we performed a one-way ANOVA on the data without heparin (Po0.001), followed by a linear regression. The slope of this linear regression was positive and significantly different from zero (Po0.001). Therefore, increasing the speed of injection leads to an enhancement of the transfection efficacy in muscle.
We also performed a one-way ANOVA on the values with heparin, and we obtained a P-value equal to 0.08. We first concluded that there were no significant differences between the various speeds of injection when heparin is added. Nevertheless, because the P-value was close to 0.05, we performed a linear regression. Its slope was positive and significantly different from zero (Po0.05), suggesting that not all the groups were alike. Figure 2 shows that the positive slope is mainly owing to the three higher values of the 1 s group. Indeed, with heparin, there is no effect of the injection speed on the transfection efficiency at 25 s or at 5 s injection duration as heparin completely blocked DNA uptake and luciferase expression at these injection speeds (values similar to luminometer background). However, at 1 s, heparin could not completely block the transfection.
Membrane permeabilization caused by the high-speed local injections
To understand the reasons of the incomplete heparin inhibition with 1 s injections, we injected 20 ml of propidium iodide (PI) at fast and slow speeds in the tibialis cranialis skeletal muscle. All four muscles injected with PI in 1 to 2 s became fluorescent in less than 10 min after the injection (Figure 3a) , whereas muscles injected DNA transfer using local fast injections FM André et al in about 25 s barely displayed any fluorescence ( Figure  3b ). As in vitro PI is a classical marker to determine membrane permeability, these data suggest that highspeed local injections actually provoke membrane permeabilization.
Effect of injection speed on fluid distribution and fibers' transfection in muscle
We also studied the effect of the injection speed on the fluid distribution within the muscle using 20 ml of the Evans Blue marker. Evans Blue was used to visualize the distribution of the liquid in the tissue, and not fiber permeabilization nor transfection. No difference in the distribution of the Evans Blue in the muscle was observed between muscles injected in 2 s (Figure 3c ) and muscles injected in 25 s (Figure 3d ). Finally, using the same experimental conditions but the plasmid coding for the green fluorescent protein (GFP), we found a large difference in the fluorescence emitted by the muscles injected using either fast or slow injections. This clear difference, which is in full agreement with the luciferase data, can be observed in two representative examples of muscles injected with 20 ml of DNA in 2 s (fast injection; Figure 3e ) or in 25 s (slow injection; Figure 3f ).
Large volume injections into muscles
We reproduced the experiments using the volume conditions used by Manthorpe et al. 12 ( Figure 4 ). We thus injected the pCMVLuc plasmid at the same concentration (0.5 mg/ml) in 50 ml instead of the previous 20 ml. We obtained again a significant luciferase gene expression. When DNA was injected very slowly (in 30 s), luciferase activity was higher than the luciferase activity measured using the same injection duration (30 s) but a lower volume (20 ml) (on average five times more, 1.5 Â 10
À2 pg/mg of tibialis instead of DNA transfer using local fast injections FM André et al 3.0 Â 10 À3 pg/mg; Figures 2 and 4) may be owing to the fact that more DNA was injected (25 mg instead of 10 mg). As in the previous experiment, the decrease in injection duration from 30 to 5 s resulted in a 19-fold increase in luciferase expression, and a further reduction to 2 s resulted in an eightfold supplementary gain. The oneway ANOVA showed again that there is a significant effect of the injection speed on the luciferase activity level obtained (Po0.001). The slope of the linear regression was positive and significantly different from zero (Po0.001). This confirms that the increase in the injection speed significantly improves the efficacy of transfection in muscle, even if large volumes are injected.
No potential damages after high-speed injection
We performed histological analysis and evaluation of the stress proteins induction to detect potential tissue perturbations. Fixed and stained muscles taken 2 days after the DNA transfer showed neither an alteration of muscle structure nor any sign of an inflammatory reaction owing to the rapid injection ( Figure 5 ). The only tissue reaction that we could detect was found at the site of the injection and it resulted from the insertion of the needle used to inject the DNA. Still, these modifications (inflammatory infiltration) were very limited and we observed no difference between muscles injected in 25 s or in 1 s ( Figure 5 ).
The levels of heat-shock protein 70 (Hsp70) expression are related to the levels of cell stress. 14 In particular, the analysis of the HSPs has already been used to evaluate the stress of cells exposed to various transfection methods. 15 The potential induction of the expression of the Hsp70 gene in the tibialis muscle was examined 2, 4, 24, 48 and 72 h after slow (25 s), medium (5 s) or fast (1 s) direct DNA injection. This analysis revealed Hsp70 expression levels identical to those of the control noninjected muscles, at any time and at any injection speed, except at 24 h after the injections. At this time, we detected a light but significant increase, independent of the injection speed (Mann-Whitney test versus control, Po0.05 whatever the injection speed) (data not shown). Thus, the speed of injection itself does not seem to induce a significant stress of the muscle fibers.
Influence of the injection speed in luciferase expression in tumor and liver
As a general rule, the levels of luminescence for the 'no injection' control tissues were below the detection level of the luminometer. For both, the tumor and the liver, the Kruskal-Wallis tests were significant and allowed us to use a Mann-Whitney test as a post-analysis.
The influence of the injection speed in tumors ( Figure  6a ) is reduced compared to the influence observed in the Luciferase expression in the liver as a function of the injection speed, with or without heparin. Livers were injected with 50 mg of pCMVLuc plasmid (in 250 ml of PBS) either in 55 s (slow injections at 4.5 ml/s) or in 15 s (fast injections at 17 ml/s). The fast injections of DNA and heparin resulted in hemorrhage through the injection track, with increased mouse mortality; for ethical reasons, this group was removed from the initial experimental plan. Each point corresponds to one lobe of the liver (n ¼ 6 per experimental condition without heparin and n ¼ 5 with heparin). Closed symbols represent lobes injected with DNA only, whereas open symbols represent lobes injected with a mix of DNA and heparin (400 IU/ ml). Medians are represented instead of means as a non-parametric test was used. Differences between slow and fast injections and between slow injections with or without heparin were significant (Po0.05; Mann-Whitney test with Bonferroni's correction for multiple comparisons).
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In the liver, we observed a 50-fold significant increase in the efficacy of DNA transfer between slow and fast injections (Po0.05; Mann-Whitney test with Bonferroni's correction for multiple comparisons) (Figure 6b ). In the liver, heparin caused hemorrhage that could only be contained in the case of the slow injections. Heparin addition resulted in a significant 20-fold decrease (Po0.05; Mann-Whitney test with Bonferroni's correction for multiple comparisons) of the level of luciferase expression (Figure 6b ), but this decrease was not complete, indicating that two uptake mechanisms are also involved in the liver, even in the case of the slow injections.
We performed all the experiments reported here above using different batches of DNA and similar results were always obtained, discarding the possibility that an eventual contaminant in the DNA solution could have been responsible for the observed effects (data not shown).
Discussion
The study reported here was motivated by the fact that, in some of our previous experiments dealing with plasmid transfection in muscle, part of the variability of DNA transfer and expression seemed to be linked to the speed at which we locally injected the DNA. Thus, we decided to systematically analyze the influence of the injection speed in the muscle as well as in the liver and one transplanted tumor.
In the tibialis cranialis, we injected 20 ml because it is an adequate volume with respect to the muscle volume and does not cause histological damages. We found that when accelerating the injection speed in the skeletal muscle from 0.8 ml/s on the average (slow injection: 20 ml in 25 s) to 20 ml/s (fast injection: 20 ml in 1 s), the expression of the injected gene increased by about 280 times (range: 100 to 42000 times depending on the experiments). In tumors, the acceleration of the injection speed up to 25 ml/s (50 ml in 2 s) resulted in a nonsignificant sevenfold increase (Mann-Whitney test, P ¼ 0.2), whereas in the liver, an acceleration of up to 17 ml/s (250 ml in 15 s) induced a significant 50-fold increase (Po0.05; Mann-Whitney test with Bonferroni's correction).
Such an obvious parameter as the 'speed' of the injection had already been studied before. 12, 13 In one case, 13 a very slow delivery, obtained by using a pump, had been compared to injections executed by using a syringe and at various speeds. These speeds were all comparable to our 'slow' conditions and no significant differences in gene expression were detected. Surprisingly, Manthorpe et al., 12 although using the same injection duration as those of our experiments, did not observe any significant effect of the injection speed. As they injected the pCMVint-lux plasmid in a larger volume (50 ml) in the rectus femoris muscle, we repeated our experiments by using the same volume and buffer as Manthorpe et al., 12 although performing the injections in the tibialis cranialis. Again, we found a very significant effect of the injection speed in the tibialis, even with such a large volume (Figure 4) . Moreover, we also obtained a lower variability through this experiment. We do not know the reasons why our results obtained in the tibialis differ from those of Manthorpe et al., 12 obtained in the rectus femoris. Moreover, the weight, and therefore the volume of the rectus and of the tibialis, are more or less similar (about 110 versus 72 mg in our mice).
Such an effect of the injection speed on the DNA transfer efficacy had never been reported before. It might be an explanation for the variability of DNA expression, which is usually observed after a direct injection of naked DNA. Indeed, if no particular attention is focused on the DNA injection, the speed, at which the operation is performed, can be different from one injection to another and it can even not be constant within a given injection (e.g., even if the injection is performed in 10 s, this does not mean that, per second, 1 10 th of the volume would always be evenly injected).
We also analyzed the causes for the differences observed and the mechanisms for DNA uptake under these conditions. The difference cannot be explained by differences in the distribution of the injected liquid within the muscle owing to speed injection (Figures 3c  and d ). Different mechanisms for the 'spontaneous' DNA uptake have been reported: on the one hand, after direct injection into the tissue (at least into the muscle), DNA uptake through receptor-mediated endocytosis had been proposed 16, 17 and putative receptors have been described. 18, 19 On the other hand, when a quick intravenous or intra-arterial injection of very huge volumes of DNA suspension is performed within a few seconds (hydrodynamic method), it had been suggested that DNA uptake might result from the generation of transient permeabilization structures in the hepatocytes membrane (hydroporation). 7 However, a recent study revealed that the mechanism of hydrodynamic liver gene transfer might involve massive fluid endocytic vesicles in pericentral vein hepatocytes. 20 To further analyze DNA uptake mechanisms, we injected the DNA at three different speeds in the presence or in the absence of heparin, a polyanionic compound that totally abolishes the spontaneous uptake of oligonucleotide and plasmid DNA by the cells in vitro 21, 22 and by the muscle fibers in vivo. 17, 23 As expected from previous experiments, 17 addition of heparin to the plasmid solution blocked the DNA uptake when we injected the mixture at slow and medium speeds. Such a complete inhibition of the transgenic expression cannot be attributed to a toxic effect of the heparin, as we have shown previously, under identical experimental conditions (same type of muscle, same reporter gene, same amounts of heparin), that high levels of gene transfer and expression can be achieved if appropriate electric pulses are delivered to the muscle after the injection of the mixture of DNA and heparin. 17 This previous result also proves that the mechanism responsible for the heparin-inhibitable fraction of the DNA uptake cannot be the direct permeabilization of the cell membrane (indeed the electric pulses-mediated DNA uptake, which actually implies the (electro)permeabilization of the cell membrane, is not inhibited by heparin). As suggested previously, the heparin-inhibitable fraction of the DNA uptake could actually be the result of receptor-mediated endocytosis. 16, 17 Moreover, in DNA transfer using local fast injections FM André et al agreement with the recent study on the mechanisms of hydrodynamic DNA uptake, 20 the increase in pressure resulting from the increase in injection speed from 0.8 to 4 ml/s (from slow to medium speed) could affect the endocytosis: such perturbation could allow one to explain both the increase in DNA uptake as well as its total inhibition after heparin addition.
Besides, as heparin addition did not totally inhibit DNA expression if DNA is injected in 1 or 2 s, we explored whether another mechanism, namely the direct penetration of the plasmid after membrane permeabilization (as suggested for the hydrodynamic DNA uptake 7, 24 ) would be also operational under the fastest injection conditions. Permeabilization could result from the high liquid pressure created in the tissue by the rapid injection. Using PI injected under the same conditions, we bring here the first demonstration of the actual permeabilization of the muscle cells by fast injections, that is by the high hydrostatic pressure created by the fast injection speed. This second uptake mechanism, occurring only at the highest injection speed, could explain the discrepancy pointed out by the statistical analyses under the fast injection conditions in the presence of heparin. Thus, at the low and medium injection speeds, only the receptor-mediated endocytosis would be instrumental in DNA uptake (in the absence of heparin), whereas at the fast injection speed, direct permeabilization of the cells could also contribute to DNA uptake. Nevertheless, such permeabilization seems reversible and not detrimental as the histological analysis and determination of the induction of the Hsp70 gene expression demonstrate that neither histological lesion nor important stress is produced to the muscle fibers.
In the liver, we also observed that we could not totally inhibit the DNA transfer using an excess of heparin, like in the muscle: direct permeabilization could also be involved in the liver. The latter mechanism is in agreement with the mechanism proposed by Liu and Huang, 25 in 2002 which helped explain the results of the mechanical massage of the liver (MML) with one's thumbs after the slow injection of a low volume of DNA through the tail vein. In the case of the MML, a linear relationship between transfection efficacy in the liver and venous blood pressure was observed. 26 This increase in blood pressure could result also in a hydrostatic pressure within the liver tissue, which could be considered mechanistically close to the liquid pressure in the tissue created by the fast injection of the DNA solution. However, it cannot be excluded that these two DNA transfer methods also share the DNA uptake mechanism not related to the cell membrane direct permeabilization (probably related to receptor-mediated endocytosis). 16, 17 Indeed, even though receptor-mediated endocytosis was rejected in MML 25 because liver transfection could not be blocked by the co-injection of a 2.5-fold excess of either single-strand poly I or irrelevant DNA, it must be noted, however, that in our experiments heparin is in a molar excess of 10 6 times with respect to the number of DNA molecules injected.
The influence of the injection speed in tumors is much lower than in the case of the skeletal muscle (Figures 2  and 6 ). This observation has a trivial explanation: muscle fibers are limited by fascia that do not allow leaks of the injected fluid (liver parenchyma is also limited by a physical barrier, the hepatic capsule), whereas tumors, with their poorly organized structure and continuous growth, are not limited by such type of physiological membranes. Therefore, when comparing the two extreme cases in our study, that is, muscles and tumors, the presence or absence of a physical barrier limiting the tissue results in two main differences. Indeed, as DNA cannot easily leak in muscles: (i) DNA may have a longer residency time in the muscle tissue, which allows for a longer uptake by receptor-mediated endocytosis, and (ii) the pressure achieved in the muscles at the time of the injection could be higher than the pressure achieved in tumors, provoking transient membrane permeabilization and direct DNA uptake. The liquid leaks during injection into tumors could actually decrease tumor transfectability. Our results thus reinforce the hypothesis that pressure can, directly or indirectly, play an important role in the transfer of the DNA inside the cell. Pressure can also be generated by high injection volumes. However, the influence of the injection volume on gene transfer efficacy is not clear 12, [27] [28] [29] and, under our experimental conditions, high volumes do not abolish the speed effect.
Finally, our data reveal a clear and very simple improvement of the method of in vivo DNA transfer into the skeletal muscle, consisting in the sole injection of DNA into the tissue. Still, these levels remain much lower than those achieved after DNA electrotransfer. 23, 30 The methodological improvements reported here can also be used with regard to other tissues but its efficacy will depend on the anatomical characteristics of the injected tissue.
Materials and methods
Plasmid DNA
We prepared the plasmids pCMVLuc+ and pEGFP-N1 (Clontech, Montigny-les-Bretonneux, France) in PBS (Invitrogen, Cergy Pontoise, France) using the EndoFree Plasmid Giga Kit (Qiagen, Courtabeuf, France). In one case, we prepared the plasmid in 0.9% NaCl for comparison of our data with those of a previous report.
Animals
For all experimental procedures, we anesthetized female, 7-9 weeks old, C57BL/6 mice by intraperitoneal administration of anesthetics ketamine hydrochloride (100 mg/ kg body weight) and xylazine (40 mg/kg). We housed and handled the animals according to the recommended guidelines. 31 
Tumor model
We cultured B16 F1 melanoma cells in vitro by using classical procedures and minimum essential medium (MEM) culture medium supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 8% fetal calf serum (Invitrogen). We subcutaneously inoculated young (6-8 weeks old) C57Bl/6 female mice in the left flank with 1 Â 10 6 syngenic B16 cells (in 100 ml of MEM culture medium). We treated the tumors as soon as they had reached an average diameter of 6-7 mm (7-8 days after inoculation).
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DNA, PI and Evans Blue injections
In the tibialis cranialis muscle, we locally injected 20 ml of either plasmid DNA at 0.5 mg/ml, PI at 10 mM in 0.9% NaCl or Evans Blue at 0.4% in 0.9% NaCl. We also injected 50 ml of pCMVLuc+ plasmid at 0.5 mg/ml in 0.9% NaCl into the tibialis cranialis in order to be able to compare our data with those of a previous report. We injected into the tumors 50 mg of DNA in 50 ml. We did all these injections by using an RN type Hamilton syringe with type 4, 26-G, 16-mm-long needles. For the injection into the liver, we performed a subxyphoid incision to expose the biggest left lobe of the liver and local injection of 50 mg of plasmid DNA in 250 ml by using a BD U-100 insulin syringe of 500 ml with a 30-G needle. Then, we sutured the abdominal muscles and the skin incision. We manually controlled the injection speed by evenly pushing the solution within the times reported in the various figures. Unless otherwise stated, six tissue samples (muscles, livers or tumors) were injected under each experimental condition tested.
Luciferase activity measurement
We killed the mice 48 h after DNA injection, except for the experiments on liver (24 h). We removed the treated tissue and weighted it (7277 mg for the tibialis muscle, 144771 mg for the B16 tumor and 359735 mg for the treated lobe of the liver). Then, we put the tissue in a tube of lysing matrix (Bio 101 Systems Lysing Matrix A tube) (Q-Biogene, Illkirch, France) containing 1 ml of chilled cell culture lysis reagent solution (two tubes for the lobe of the liver). We prepared this solution by mixing 10 ml of 5 Â cell culture lysis reagent (Promega, Charbonnieres, France) with 40 ml distilled water supplemented with one tablet of protease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany). We then disrupted tissues using a high-speed benchtop homogenizer Fast Prep Instrument (Q-Biogene). After the lysis, we centrifuged the tubes at 12 000 r.p.m. for 10 min. We measured the luciferase activity on 20 ml of the supernatant, using a Lumat LB 9507 luminometer (Berthold France SA, Thoiry, France), by integration of the light produced during 10 s, starting after the addition of 100 ml of Luciferase Assay Substrate (Promega) to the sample lysate. We collected the results from the luminometer in relative light units (RLU). Calibration with several concentrations of purified firefly luciferase protein was performed to convert RLU in pg of luciferase using then the following linear conversion: Log (pg) ¼ 1.24 log (RLU)À4.83. Then we expressed the final results as pg of luciferase per mg of tissue. In these figures, the discontinuous horizontal line represents the background noise of the luminometer (around 130 RLU).
Observation of the GFP expression, PI incorporation and Evans Blue distribution
We killed the mice 2 days after the injection of the pEGFP-N1 plasmid and observed the transfected tissue using a Leica MZ12 fluorescence stereomicroscope with a Leica GFP Plus filter set (Leica, Rueil-Malmaison, France). We assessed PI incorporation in the tibialis of anesthetized mice, a few minutes after the PI injection, using a Leica MZ FLIII fluorescence stereomicroscope with a Leica green filter set (excitation filter 546/10 nm, barrier filter 590 nm). We observed the distribution of the Evans Blue a few minutes after the injection. In all cases, we removed the skin to assess directly the experiment results and to take pictures with an Olympus digital camera Camedia C-5050ZOOM.
In vivo inhibition of spontaneous DNA uptake by heparin
We supplemented the DNA solution with 180 IU/ml (tibialis) or 400 IU/ml (liver) of polyanionic heparin (Lab. Leo, Saint-Quentin, France). Because heparin is an anticoagulant compound, it provoked some bleeding in the treated tissues, especially in the liver where its fast injection led to some mortality of the injected mice. In these experiments 1 mg heparin (MW 10-12 kDa) corresponded to B 137 IU.
Expression of Hsp70 mRNA by reverse transcription-polymerase chain reaction
The whole tibialis were seeded in a tube containing ceramic spheres (Bio 101 Systems Lysing Matrix A tube) (Q-Biogene) and 1 ml of RNA Later (Ambion, Austin, TX, USA) to protect mRNA until extraction, and disrupted using a high-speed benchtop homogenizer. After the lysis, tubes were centrifuged at 12 000 r.p.m. for 10 min and supernatants collected. We extracted total RNA by the guanidium thiocyanate-phenol-chloroform method 32 using Trizol (Invitrogen). We quantified total RNA amount by spectrophotometry at 260 nm. We obtained cDNA by reverse transcription using 2 mg of total RNA and poly-DT( 12-18 ) primers. Then, we performed polymerase chain reaction amplification using specific primers for mouse Hsp70 (forward 5 0 -GGAGGT CATCTCCTGGCTGGACTC-3 0 ; reverse 5 0 -CGCCTGGG CCCCGAAGCCCCCAGC-3 0 ; 158-bp product), and mouse Gapdh (glyceraldehyde-3-phosphate dehydrogenase) (forward 5 0 -GACAACTCACTCAAGATTGTCAG-3 0 ; reverse 5 0 -CATTGTCATACCAGGAAATG-3 0 ; 531-bp product). We first heated the samples at 941C for 15 min. We performed Gapdh fragment amplification by means of 23 cycles at 941C for 45 s, 561C for 45 s and 721C for 45 s and Hsp70 fragment amplification by means of 27 cycles at 941C for 45 s, 711C for 45 s and 721C for 45 s, using a thermocycler (Mastercycler Gradient, Eppendorf, Le Pecq, France). The final extension step lasted 10 min (721C). We resolved amplification products by electrophoresis in a 1.2% (w/v) agarose gel, stained with ethidium bromide (0.5 mg/ml) and photographed under UV light by a computer-assisted camera. We assessed expression level of the genes using densitometry analysis software (Scion Image, Scion Corporation, Frederick, MD, USA) on each band and we expressed results as the ratio Hsp70/Gapdh in arbitrary units (a.u.).
Evaluation of histological damages in the muscle
Two days after injection, upon mice killing, we dissected the tibialis muscle and fixed it for 24 h in Glyo-Fixx (Shandon, Pittsburgh, PA, USA). After paraffin embedding, we stained muscle histological sections (4 mm) with hematoxylin-eosin-saffranin (HES).
Statistics
The statistical analysis was performed using the SAS (8.2) software for Windows. P-values were two-sided. Because the data of the experimental groups displayed DNA transfer using local fast injections FM André et al very different variances, we first performed a logarithmic transformation of the data as classically recommended for a rigorous use of the statistical tools.
Then we used the parametric one-way ANOVA for the experiments dealing only with the injection speed, to evaluate the significance of the effect of the injection speed on the measured luciferase activity. In the case of the experiments with two parameters (speed of injection and presence or absence of heparin), we performed a two-way ANOVA to analyze the effect of the injection speed, the influence of the addition of heparin and the interaction between these two parameters. To further characterize the changes in luciferase activity as a function of the injection speed, we also made linear regressions. Linear regressions were calculated with or without the 'no injection' controls and the same statistical significance was observed. When the 'no injection' values were not included, real injection times were used for the calculation of the linear regression coefficients. In the case of the use of the 'no injection' values, linear regression was made using the appropriate classical transformation of the groups into coded integer numbers. In the figures, we only displayed the regressions featuring the 'no injection' group.
To analyze experiments with a lower number of groups (and thus with an insufficient number of data to rigorously perform an ANOVA test), we used nonparametric tests (Kruskal-Wallis and Mann-Whitney tests). When multiple tests were performed, we applied the Bonferroni's correction to reduce the risk of statistical type one error. *Po0.05; **Po0.01 and ***Po0.001.
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